Abstract A visual observation of liquid-gas two-phase flow in anode channels of a direct methanol proton exchange membrane fuel cells in microgravity has been carried out in a drop tower. The anode flow bed consisted of 2 manifolds and 11 parallel straight channels. The length, width and depth of single channel with rectangular cross section was 48.0 mm, 2.5 mm and 2.0 mm, respectively. The experimental results indicated that the size of bubbles in microgravity condition is bigger than that in normal gravity. The longer the time, the bigger the bubbles. The velocity of bubbles rising is slower than that in normal gravity because buoyancy lift is very weak in microgravity. The flow pattern in anode channels could change from bubbly flow in normal gravity to slug flow in microgravity. The gas slugs blocked supply of reactants from channels to anode catalyst layer through gas diffusion layer. When the weakened mass transfer causes concentration polarization, the output performance of fuel cells declines.
Introduction
Fuel cells, which can continuously convert the chemical energy of the fuel and the oxidant directly into electrical energy, have drawn increasing attention again in recent years.
The first practical working fuel cells in spaceflight were developed by General Electric Company in the 1960s for NASA's Gemini space missions. At that time, the proton exchange membrane fuel cells (PEMFCs) acted as auxiliary power of the spacecraft. The sulphonated polystyrene ion-exchange membrane was used as electrolyte of fuel cells. In 1960s, Pratt and Whitney Company developed the alkaline fuel cells (AFCs) for Apollo space missions. From that time, AFCs were used in some of subsequent aerospacecrafts including Space Shuttles.
Being different from previous generation of PEMFCs, the electrolyte of proton exchange membrane fuel cells is perfluorosulphonated membrane in the past two decades. Performance, reliability and lifetime of proton exchange membrane fuel cells were significantly improved. The main types of PEMFCs are hydrogen PEMFCs (including fuel reforming fuel cells) and direct methanol fuel cells (DMFCs). PEMFCs are considered as a promising choice for primary or auxiliary power devices in the next generation of spacecrafts (Sone et al. 2004 (Sone et al. , 2006 Barbir et al. 2005) . However, the application of the new generation of PEMFCs in aerospace is still in the initial stage.
The performance of PEMFCs is related to not only electrochemical reactions, but also transport phenomena, such as two-phase flow and heat /mass transfer inside fuel cells. For example, liquid fed direct methanol proton exchange membrane fuel cells, which could be considered as the power sources for the small unaided devices such as carried experimental equipments in satellites or spacecrafts, undergo following electrochemical reactions:
Cathode:
Overall:
There are the aqueous methanol solution (reactant) and the carbon dioxide (product of electrochemical reaction) in the anode side of liquid fed direct methanol proton exchange membrane fuel cells. Carbon dioxide dissolvability in liquid water-methanol mixtures is fairly low. The anode side is a liquid-gas two-phase system primarily consisting of methanol solution and CO 2 bubbles. Many researchers performed experiments of fluid flow and mass transfer in DMFCs (Scott et al. 1999 (Scott et al. , 2001 Argyropoulos et al. 1999a, b; Lu and Wang 2004; Nordlund et al. 2004; Yang et al. 2005a Yang et al. , b, 2007 Guo et al. 2003 Guo et al. , 2006 Zhang et al. 2007 ) and hydrogen PEMFCs (Guo et al. 2003; Mench et al. 2003; Tüber et al. 2003; Hakenjos et al. 2004; Yang et al. 2004; Zhang et al. 2006; Liu et al. 2006 Liu et al. , 2007 under normal gravity. However, microgravity experiments of two-phase flow in fuel cells, which adopted perfluorosulphonated proton exchange membrane as electrolyte, are still lacking in the open literature.
In this paper, an in situ visual observation of twophase flow inside direct methanol proton exchange membrane fuel cells in microgravity was conducted. The effect of gravity on two-phase flow and mass transfer in fuel cells was analyzed and discussed.
Experimental
The sketch of the experimental system is shown in Fig. 1 . A high speed video camera (VITcam CTC) with a SE2514 lens was employed to record two-phase flow images in the anode flow field. The resistance was adopted as electric load in external circuit of the fuel cell. Experimental data, including microgravity signal, fuel cells temperature, current, voltage, flow rate of methanol solution and oxygen gas, etc., were collected into a data acquisition unit (AQU1216).
In our single fuel cell, a membrane electrode assembly (MEA), which had an active area of 5.0 × 5.0 cm 2 , consisted of a Nafion 117 membrane and two carbon cloth gas diffusion layers (GDL). The 4 mg/cm 2 PtRu and 4 mg/cm 2 Pt were adopted as anode and cathode catalysts, respectively. The MEA was sandwiched between two bipolar plates.
In Guo et al. (2008) , the authors reported microgravity experiments of fuel cells with gold plated stainless steel bipolar plates. In this paper, however, both anode and cathode bipolar plates were made of graphite. The flow channels were machined on the surface of bipolar plates to form flow bed. The cathode flow bed was a single serpentine channel with rectangular cross section. The anode flow bed, which had 11 parallel straight flow channels with rectangular cross section was fitted in tested single fuel cell. The length of single anode channel is 48.0 mm. On both anode and cathode side, channel depth, channel width and width of ridge between two channels were 2.0 mm, 2.5 mm and 2.0 mm, respectively. A transparent end plate in anode side was made of polycarbonate for visual observation. In all experiments of this paper, all anode channels were vertical, the anode inflow manifold was in the bottom of flow bed, and the outflow manifold was on the top (Fig. 2) . This arrangement smoothed the way for CO 2 bubbles removal. In the cathode side, the inlet was in the top and the outlet was in the bottom for the discharge of excessive liquid water.
Microgravity experiments were carried out in National Microgravity Laboratory, Chinese Academy of Sciences. A drop tower could provide 3.6 s effective microgravity environment. The residual acceleration of gravity during free fall of capsule, in which was fixed our fuel cells experimental system, was less than 10 −2 g 0 (g 0 = 9.81 m/s 2 ).
Results and Discussion
In all experiments reported in this paper, the fuel cell was operated at 80 • C. Methanol solution with molarity of 0.5 mol/l was supplied to anode flow bed at flow rate of 6 ml/min. The inlet flow rate of pure oxygen was maintained at 400 ml/min.. The pressures in anode and cathode outlet were 0 kPa gauge. To insure steady state operation of the fuel cell before microgravity, the fuel cell had run for 70 min in above-mentioned operating condition in normal gravity before every microgravity experiment.
An in situ image of two-phase flow in anode flow bed of a liquid fed direct methanol proton exchange membrane fuel cell in normal gravity is shown in Fig. 2 . It was taken at 40 ms before microgravity. The picture showed that carbon dioxide, which was produced in anode catalyst layer and went through carbon cloth porous media, flowed into liquid mainstream in anode channels and formed bubbly flow. The average rise velocity of bubbles, which was calculated based on images taken by high speed video camera, was 148 mm/s. Considering the mean velocity of liquid at the entry of channel was 1.82 mm/s, which was calculated from inlet flow rate of methanol solution, the speed of bubbles removal was quite fast because of buoyant lift force. The bubbles in channels were still small and scattered. They moved with mainstream of methanol solution to the outflow manifold. The diameter of most bubbles in channels was not bigger than 1 mm.
Forty milliseconds later, the capsule, which contained our fuel cells experimental system, was released from upper story of drop tower in 83 m above the ground. If set the moment of releasing capsule as the starting time of microgravity, we could obtain twophase flow in anode channels of the fuel cell at different moments in microgravity condition (Fig. 3) . The results of visual observation showed that, in microgravity, the CO 2 bubbles could not get away from the surface of GDL in time. At the beginning, the bubbles accreted on the wall of carbon cloth surface. Then, the bubbles grew gradually because of producing carbon dioxide (a) (b) (c) Fig. 3 Evolution of two-phase flow in DMFC anode flow bed in microgravity. a 1,000 ms. b 2,000 ms. c 3,000 ms by anode electrochemical reaction. The size of bubbles was bigger than that in normal gravity. Finally, the bubbles were detached from GDL and went into channels. The average rise velocity of bubbles in channels was 4.05mm/s. The speed of bubbles rising in reduced gravity was obviously slower than that in normal gravity because buoyancy lift is very weak and the bubbles removal is governed by viscous drag of fluid in microgravity. Some bubbles coalesced with each other and formed a larger bubble. As shown in Fig. 3a and b , the longer the time, the bigger the bubbles. Slug flow appeared in certain of anode channels about 3 s after releasing capsule (Fig. 3c) .
Although the electric resistor in external circuit was kept constant during the test, the performance of the fuel cell was influenced quite evidently as change of gravity. The output power density of fuel cells at 40 ms before microgravity is higher than that at 3,560 ms after releasing capsule (Fig. 4) . The flow pattern in normal gravity was bubbly flow. The supply of anode reactant (methanol solution) was unhindered (Fig. 2) . After microgravity lasting 3.56 s, gas slugs had occupied most anode channels (Fig. 5) . Being differ from typical slug flow, one of four sidewalls of channel was a penetrable porous meadia of GDL. The gas slugs blocked mass transfer of methanol solution from channels to anode catalyst layer through the GDL porous meadia and led to decline of cell performance.
Farther experimental results indicated that the gravity influences two-phase flow and mass transfer inside fuel cells. If the weakened mass transfer is serious enough, it would cause the concentration polarization, which reduces output performance of fuel cells. However, when the current density is pretty low, the fuel cells performance is dominated by not concentration polarization, but activation polarization. The effect of gravity is negligible in this situation. Along with the increase of current density, carbon dioxide accumulates continuously in channels and the size of bubbles is on the increase. The impact of gravity gradually become important. In the region of high current density, if the gas slugs or even gas columns occur in channels in microgravity, the performance of liquid fed direct methanol proton exchange membrane fuel cells will be failing rapidly.
The results infer that in long-term microgravity condition, flow field and operating condition must be optimized to ensure timely discharge of bubbles and avoid concentration polarization of fuel cells.
Conclusions
An in situ visual observation of two-phase flow inside direct methanol proton exchange membrane fuel cells in microgravity has been conducted.
(1) The gravity affects two-phase flow in fuel cells.
In microgravity condition, the size of bubbles is bigger than that in normal gravity. The longer the time, the bigger the bubbles. The velocity of bubbles rising in channels is much slower than that in normal gravity because buoyant lift force is very weak in microgravity. (2) The flow pattern in anode channels of liquid fed DMFCs could change from bubbly flow in normal gravity to slug flow in microgravity. The gas slugs blocked supply of reactants from channels to anode catalyst layer and led to degradation of cell performance in microgravity. (3) The gravity influences mass transfer inside fuel cells. If the weakened mass transfer causes concentration polarization, the output performance of fuel cells will be reduced. However, if the current density is very low, the effect of gravity on the fuel cells performance is negligible.
